We report on the photometric observation of RZ LMi, which is a dwarf nova renowned for its extremely short ( 19 d) and regular supercycle, in 2013 and 2016. The supercycles observed in both years were longer than previously reported values of 19 d. Especially in 2016, we observed two exceptionally long superoutbursts with drations of 28 d and 48 d, which require very high mass transfer rate, 97 % and 99 % of the critical mass transfer rate, respectively. We consider that the object virtually experienced a transition to the nova-like state. We detected growing (stage A) superhumps with a mean period of 0.0602(1) d in 2013 and 2016, and possible negative superhumps with a period of 0.05710(1) d. By using the two periods, we estimated an orbital period of 0.05792 d. The orbital period suggests a mass ratio of 0.10, which is larger than mass ratios in WZ Sge-type dwarf novae with orbital periods similar to RZ LMi, and even above that of some ordinary SU UMa-type dwarf novae with similar orbital periods. The exceptionally high mass-transfer rate in this object may possibly be ecplained by a stripped secondary with an evolved core in a system evolving toward an AM CVn-type object.
Introduction
Dwarf novae (DNe) are a class of cataclysmic variabls (CVs) characterized by repetitive outbursts caused by a thermal-viscous instability of the accretion disk ( [1] ). Among DNe, there are SU UMa stars, which are characterized by long outbursts, called superoutbursts, lasting for a few weeks in addition to short normal outbursts. Short periodic modulations, so called superhumps, are observed during superoutbursts (for details of CVs, DNe, and SU UMa-type DNe. see e.g. [2] ). The periods of superhumps (P SH ) are a few percent longer than the corresponding orbital period (P orb ).
RZ LMi is one of the most enigmatic SU UMa-type DNe with an ultrashort (19 d) supercycle and unusually regular outburst pattern. This object was originally discovered as an ultravioletexcess variable star [3] , and was confirmed as a member of the SU UMa-type DNe by the detection of superhumps ( [4] ; [5] ) after the discovery of another SU UMa-type dwarf nova ER UMa with a short supercycle of 43 d ( [6] ) [ for more details of a history of this object, see [7] ]. Currently, six SU UMa-type stars including RZ LMi and ER UMa are usually called ER UMa-type stars (cf. [8] ).
Though some explanations were proposed, the mechanism of the extremely short supercycle and regular outburst pattern remained mystery. [9] demonstrated that an extremely short supercycle of RZ LMi can be reproduced if the strength of tidal torques during a superoutburst is much weaker in RZ LMi than in ER UMa due to an extremely small mass ratio. [10] suggested that the tidal torque is too small to maintain the superoutburst in systems with very small q, and that there occurs a decoupling between tidal and thermal instabilities. These two interpretations predict the very small q and the large disk radius after the superoutburst in RZ LMi. Existence of a third body is also suggested as the origin of the very regular outburst pattern ( [11] ). To determine the mass ratio, we need to detect the orbital period, however, RZ LMi has defied every attempt, and without P orb and q, the evolutionary status of RZ LMi remained unclear.
In this paper, we briefly reported our photometric campaigns which caught that the system became critically close to the stability border, a permanent superhumper, in 2016, and detected stage-A superhumps during two superoutbursts in 2013 and 2016 as well as possible negative superhumps and post superoutburst superhumps. Using the periods of stage-A superhumps representing the growing phase of superhumps at the radius of the 3 :1 resonance ( [12] ; [13] ), we obtained the relation between R post and q. We also estimated P orb from periods of positive and negative superhumps, and calculated the mass ratio using P orb and a period of stage A superhumps. Note that this paper is a summary of [7] in which more details of the results of our campaigns are published.
Observations and Analysis
Our time-resolved photometric campaigns were carried out during the periods of 2013 March 5 -April 29 and 2016 February 25 -June 10 with 33 telescopes on 29 sites. We also used the data from the AAVSO International Database, some snapshot observations between 2014 March 8 and May 22, and historical photographic data reported by [14] . The times of all observations were corrected to barycentric Julian Days (BJD). The data were analyzed in the same way as described in [15] and [16] . The existence of a stable clock such as a third body as the mechanism of the regular superoutbursts ( [17] ; [11] ) is excluded by the variable supercycles. 
Supercycle, Superoutbust Duration and Mass Transfer Rate
One prediction of TTI model is that high mass transfer rate produces frequent outbursts with a short supercycle [18] . However, it also predicts that when the mass transfer rate becomes extremely high, supercycle lengthen again, then the system eventually reaches the "permanent outburst" state when the mass transfer rate reaches the critical value (see figure 2 in [18] ). The extremely long supercycles in 2016 reproduced this prediction exactly, providing strong support to the explanation of the unusual short supercycles in ER UMa-type objects.
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The duration of a superoutburst (t supermax ) is formulated as below [9] :
where t vis is the viscous depletion timescale and M crit is the criticalṀ required to produce a hot, stable disk, respectively. The factor f M is the fraction of the disk mass accreted during a superoutburst expressed by R 0 and R d,crit representing the disk radius at the end of a superoutburst and at the start of a superoutburst (assuming that the disk critically reaches the radius of the 3 :1 resonance at the start of a superoutburst), respectively. If we assume t vis and R 0 are the same between different superoutbursts, we can estimateṀ during each superoutburst. We take the parameters in [9] , t vis = 11.2 d and an assumption of a large disk radius at the end of a superoutburst R 0 = 0.42a, where a is the binary separation. Then, the historical shortest t supermax of 6 d [4] is reproduced withṀ/Ṁ crit = 0.5. The duration of each superoutburst in 2016 requires 97% and 99% of the critical mass transfer rate. RZ LMi was critically close to the stability border, and almost became a permanent superhumper. This object showed an almost complete transition from an ER UMa-type object to a permanent superhuper (Nova-like object). BK Lyn is another object which experienced the transitions between ER UMa-type object and a permanent superhumper ( [19] ; [20] ).
Growing (stage-A) superhumps
We 
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The bridge between ER Ursae Majoris-type dwarf nova and nova-like system (Fig.3 in [7]) 
Post-superoutburst superhumps
On March 20, 2013, We observed the object in quiescence closely after the 2013 March superoutburst, during which the object displayed post-superoutburst superhumps with a run covering continuous six cycles. A PDM analysis of this continuous run yielded a period of 0.0594(2) d. This variation was also present on March 24, 2013, in quiescence after one further normal outburst. We combined the quiescent data on March 20 and 24 and obtained a period of 0.05969(2) d, assuming that the superhump phase and period did not change during a normal outburst.
Relation between r post and q
The dynamical precession rate in the disk can be expressed using q and the dimensionless radius, r, measured in units of the binary separation a by
where ω orb is the angular orbital frequency. For the dependencies on q and r, see [22] . This ω dyn /ω orb is equal to the fractional superhump excess in frequency: ε ≡ 1 − P orb /P SH , where P orb and P SH are the orbital period and superhump period, respectively. If we know P orb , we can directly determine q from the observed ieta of stage A superhumps under the assumption that the period of stage A superhumps reflects the purely dynamical precession rate at the radius of the 3 :1 resonance [13] . The orbital period of RZ LMi, however, is not known, thus we cannot directly determin q with the above method. Instead, we can use the period of post superoutburst superhumps to constrain q and the disk radius as introduced in [23] :
where r 3:1 is the radius of the 3:1 resonance;
ε * (post) and r post are the fractional superhump excess and disk radius immediately after the outburst, respectively. By solving equations (4) and (5) simultaneously using the periods of stage A superhumps and post-superoutburst superhumps, we can obtain the relation between r post and q shown in figure 4.
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The values of r − post in SU UMa-type DNe are estimated to be 0.30-0.38 using the same method [13] . The smaller values are those for WZ Sge-type DNe with small mass transfer rates, which is unlikely to be the case for RZ LMi. [9] assumed r post = 0.42 for this particular object, which requires q to be as large as 0.10(2). Though [9] and [10] predict a very small q and a large r post for RZ LMi, our result indicates the predictions are not true at the same time. 
Negative superhumps
We analysed the light curves using the least absolute shrinkage and selection operator (Lasso) method ( [24] ; [25] ). Two-dimensional Lasso power spectra introduced in the analysis of the Kepler data as [26] and [12] have been proven to be very effective in detecting signals in non-uniformly sampled ground-based data (see e.g., [28] ). Figure 5 shows the result for RZ LMi in 2016. In addition to the strong persistent signal of superhumps around 16.8 cycles per day (cd −1 ), there is a weaker signal around 17.50-17.55 cd −1 between BJD2457510 and 2457530, that is a later phase of the long-lasting superoutburst (2016-SC2). We consider that the signal is a possible negative superhumps. A PDM analysis of the data between BJD 2457510 and 2457530 yielded a period of 0.05710(1) d. The superhump period in this interval was 0.059555(4) d. Negative superhumps are often observed in permanent superhumpers. It may be possible that negative superhumps in RZ LMi were excited during the phase in which the condition of the object was almost the same as that in permanent superhumpers (see subsection 3.1).
Orbital period and mass ratio
There is an empirical relation between the absolute superhumps excesses (ε ≡ P SH /P orb − 1) of negative and positive superhumps in NL objects. The relation is ε + ∼ 2|ε − |, where ε + for positive superhumps and ε − for negative superhumps. If this is alsk the case for RZ LMi, we obtain the orbital period of 0.05792 d. This period is labeled as P orb in figure 5 .
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The bridge between ER Ursae Majoris-type dwarf nova and nova-like system If this is indeed the orbital period, the period of stage A superhumps of 0.602(1) d gives ε = 0.038(2), which is equivalent to q = 0.105 (5) [see table 1 in [13] ]. The q is consistent with the relation between q and r post derived from the periods of stage A superhumps and negative superhumps in subsection 4.2 (figure 4) assuming the large r post . If this is correct, the disk radius at the end of a superoutburst is large, as required by [9] , but the large disk cannot be explained by an exceptionally small q.
A supporting evidence for a large q is the very short duration (less than 1 d) of stage A superhumps in RZ LMi. The duration is considered to reflect the growth time of the 3:1 resonance, and expected to be proportional to 1/q 2 [29] , which has been confirmed in WZ Sge-type DNe [30] . The rapid growth of superhumps in RZ LMi indicates that the q of this object cannot be as small as those in WZ Sge-type DNe.
Evolutionary status
If the q derived in subsection 3.6 is correct, RZ LMi cannot be an object close to the period minimum or a period bouncer. The q we suggested is similar to or even larger than those of ordinary SU UMa stars with similar P orb ( Figure 6 ).
There is at least one other object, GALEX J194419.33+491257.0, with extremely high q = 0.141(2) for a very short P orb of 0.0528164(4) d and very frequent outbursts [27] . These properties are somehow similar to those of RZ LMi and [27] suggested the possibility that this object may be
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Secular variation of supercycle
There is an idea that ER UMa stars are transitional objects during the cooling phase of posteruption classical novae ( [6] , [9] , [19] ). A transition from the NL (permanent superhumper) state to the ERUMa-type state discovered in BK Lyn was thought to support the idea, combined with the potential identification with an ancient classical nova in 101 [19] . Following this interpretaion, [31] found a secular increase of the supercycle in most ER UMa-type objects including RZ LMi.
They, however, disregarded the possibility that the supercycle can also increase ifṀ increases towardṀ crit (see subsection 3.1), which is apparently the case for RZ LMi. We studied the secular variation of supercycles in RZ LMi, and found that the supercycle was not stable or secularly increasing, but variable. As discussed in subsection 3.1, the supercycle of RZ LMi strongly increased in 2016, and the increase was due to the increase ofṀ. It is likely that RZ LMi changedṀ by a factor of ∼2 in the last two decades. The changing supercycle suggests fluctuatingṀ within time scales of a few years.
In RZ LMi, the mass transfer rate is not secularly decreasing as in the scenario given by [19] . BK Lyn also returned to ints original NL state in late 2013 from its temporal ER UMa-type state [20] . The hypothetical cooling sequence from NL objects to SU UMa-type DNe via ER UMa-type DNe after nova eruptions is not very consistent with observational staticsics. The Mdot variations look more irregular with time-scales of several years. The high activity of RZ LMi may be a result of a rare evolutionary condition with a relatively massive secondary.
